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Introduction
Toxicity and fate assessment are key elements in the evaluation of the environmental, health and safety risks of engineered nanomaterials (ENMs). While significant effort and resources have been devoted to the toxicological evaluation of many ENMs, including nanoscale TiO 2 (1-4), obtaining conclusive and reproducible results continues to be a challenge (5). This can be traced in part to the lack of standardized dispersion protocols and the inconsistent application of dispersion procedures in relevant biological and environmental matrices (6, 7). In order to address these issues, the National Institute of Standards and Technology (NIST) jointly with the Center for the Environmental Implications of Nanotechnology (CEINT) have developed a series of standardized and validated protocols for the dispersion of ENMs from a powdered material source for both human health and environmental testing applications. This protocol has been developed and validated using NIST Standard Reference Material (SRM) 1898 (8). SRM 1898 consists of a widely studied and industrially relevant TiO 2 nanomaterial with broad commercial penetration and a production history dating back several decades (3, (8) (9) (10) .
While the procedures detailed in this series focus on the dispersion of SRM 1898 in specific aqueous media, it is believed that the adopted characterization, optimization and validation approaches can be more generally applied to the preparation of ENM dispersions in any relevant matrix. For this reason, and to allow for broader applicability, experimental details and discussions regarding the characterization, process optimization and validation steps adopted for the development of the dispersion method are detailed in a separate publication (11) . The appendix contains a summary of validation results characterizing the dispersed state of the suspensions resulting from application of the protocol in both OECD and EPA standardized water using humic acid (HA) as the dispersing agent; however, the OECD medium was the principal focus for protocol development.
Principles and scope
This protocol is proposed for the preparation of dispersions for generic acute eco-toxicity applications; its use for chronic toxicity or other environmental studies, while potentially efficacious, is beyond the scope of the present work and should be validated by use of proper controls.
In this protocol, a TiO 2 nanoparticle dispersion in a relevant environmental matrix is produced by following a series of steps applied to a TiO 2 aqueous nanoparticle stock. Following the Organization for Economic Cooperation and Development (OECD) Guideline 202 for testing of chemicals (12) , the environmental matrix used in this work is reconstituted from four stock solutions defined in ISO 6341 (13) , yielding a calculated hardness of ≈ 170 mg/kg (ppm) as CaCO 3 .
In this protocol, HA is utilized as a stabilizing agent to disperse SRM 1898 in the selected test matrix. Natural organic matter -and HA in particular -has been demonstrated to function as a non-specific stabilizer in environmental matrices (14) (15) (16) .
The method described herein, if applied correctly, yields 15 mL of a 100 g/mL monomodal nanoscale TiO 2 dispersion in the selected test matrix, characterized by a mean particle diameter 3 of ≈ 75 nm and pH values in the (7.0 to 7.7) range, without the need for pH adjustment steps. The tested TiO 2 concentration was adopted from the limit test concentration recommended in OECD Guideline 202, while the pH of the dispersion was validated to fall within the Guideline's recommended pH range. The dispersion retains its particle size distribution and pH at room temperature for up to 96 h, which is the maximum duration for acute toxicity assays (17) . Dispersions prepared following this protocol should be stored in darkness or in amber glass vials, as TiO 2 is photoactive.
Terminology
This protocol complies with definitions relevant to nanotechnology as set forth in the ASTM International standard E2456 (18) and is consistent with the draft standard ISO TS 80004-1 (19). Additional guidance is derived from recommendations of the International Union of Pure and Applied Chemistry (20).
nanoparticle-sub-classification of ultrafine particle that is characterized by dimensions in the nanoscale (i.e., between approximately 1 nm and 100 nm) in at least two dimensions; also referred to as "nano-object" in ISO TS 80004-1 (19).
primary particle-the smallest discrete identifiable entity associated with a particle system; in this context, larger particle structures (e.g., aggregates and agglomerates) may be composed of primary particles.
aggregate-a discrete assemblage of primary particles strongly bonded together (i.e., fused, sintered, or metallically bonded). dispersion-used in the present context to denote a liquid (aqueous) in which particles are homogeneously suspended, or the process of creating a suspension in which discrete particles are homogeneously distributed throughout a continuous fluid phase; implies the intention to break down agglomerates into their principal components (i.e., primary particles and/or aggregates). The expected range for size parameters was calculated from three independent replicates obtained following the prescribed procedure. Refer to the Appendix for details on the calculation of the expected size parameter ranges, and illustrations of representative PSD profiles. Refer to (11) for details and discussions on PSD characterization and validation criteria.
The volume-based mean particle diameter, as well as the D 10 and D 90 values for aqueous P25 dispersions prepared following the protocol should be reported by the user to allow for comparison with the values specified herein.
6.3.The pH of dispersions after preparation should be ≈ 7.0. After (24 -96) h, dispersions may experience a slight increase in pH ranging from 0.3 to 0.7 units. The dispersions should remain well within the OECD recommended pH range of 6 to 9 (12) during the studied timeframe (24 to 96) h. 
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A.2. Validation data for replicate sample preparations using OECD hard water LDS and DLS were used as size characterization techniques to validate the protocol with respect to yielding stable monomodal dispersions in the nanoscale size range. These techniques were selected as they allowed for in situ measurements with minimal sample transformations, ensuring that the measured PSD profiles reflected the actual state of the "as produced" dispersions. Additionally, LDS measurements were confirmed previously for P25 using an x-ray disc centrifuge (see Ref.11 ) that utilizes an orthogonal measurement basis.
LDS measurements were performed using a Partica LA-950 V2 (Horiba Instruments Inc., Irvine CA, USA), equipped with an 87 detector, high-resolution silicon photodiode array (75 detectors for forward/low-angle light scattering and 12 detectors for high-angle and backscatter light scattering); operating with a 5 mW 650 nm red laser and a 3 mW 405 nm blue light emitting diode. Measurements were conducted by introducing the sample into a stirred 15 mL quartz cell. First, the system was blanked against a solution consisting of 12 mL of a HA blanking solution. The blanking solution was prepared by diluting 3 mL of stock HA solution into 14 mL of DI water, so as to yield a final HA concentration of approximately 20 mg/L. Then 1.5 mL of the test suspension was added to the cell containing the blanking solution, and the measurement was initiated. An appropriate blue line transmittance level was attained (between 70 % and 90 % transmittance) for all samples under these conditions. Volumetric PSDs were calculated by application of the Mie scattering model, with a particle refractive index of 2.5.
DLS measurements were performed using a Zetasizer Nano ZS (Malvern Instruments Inc., Westborough MA, USA) in backscatter configuration (θ = 173°) at a laser wavelength of 633 nm. Samples were measured in 1.5 mL disposable cuvettes by dilution into DI water (20 µL of test suspension was diluted into 1 mL of DI water) to achieve an appropriate light scattering level. For each test sample, measurements were performed in triplicate, with the number and duration of sub-runs for each measurement determined automatically by the instrument software. A non-negatively constrained least squares inversion algorithm was used to generate the PSD. A regularization parameter of 0.01 was selected, with data parsed over 70 bins. For conversion from intensity-weighted to volumetric PSDs, the Mie scattering model was applied using a particle refractive index of 2.5.
For validation purposes, three independent replicate test suspensions were prepared following the prescribed protocol, and the PSD of each sample was measured using LDS and DLS shortly after preparation. Afterwards, LDS measurements were performed on each test suspension at 48 h, 5 d, 7 d and 9 d following preparation. Figure A1 compares representative LSD and DLS PSD profiles obtained for the freshly prepared suspensions, while Tables A1 and A2 summarize Coverage factor k = 2.48 for a 95 % confidence interval.
The triplicate LDS results are presented in stacked format in Figure A2 for each test time following the initial preparation in the OECD hard water. Note the appearance of a micrometer scale component (agglomerates) after 7 d. The data clearly show that the suspensions are stable toward significant agglomeration for more than the typical 24 h to 96 h acute toxicity assay range. Even after 9 d, the nanoscale component is predominant while the agglomeration appears to proceed slowly, with little apparent difference between 7 d and 9 d. Figure A2 . LDS volume-based PSD profiles of HA modified SRM 1898 suspensions in OECD synthetic hard water prepared in triplicate following the procedure described in this protocol. The x-axis is presented on a log scale. Time after sample preparation is indicated on the right side. The mean pH of the suspensions is indicated on the left side. The appearance of a micrometer scale component (indicated by arrow) is apparent after 7 days, suggesting the onset of significant agglomeration. A.3. Tests using EPA synthetic hard freshwater
The prescribed protocol was also tested using EPA standard synthetic hard water with a nominal hardness of 170 mg/L as CaCO 3 . Directions for preparing the EPA water can be found in Ref. 17 (using the composition identified as "Hard" in Table 7 of that document).The PSD was determined up to 5 d after initial preparation using independently prepared triplicate test suspensions. The LDS PSD profiles are presented in stacked format in Figure A3 . Since this was a secondary test medium, only three time points were analyzed, but the results clearly show that the protocol yields a monomodal nanoscale suspension that is stable for at least 24 h and possibly up to 5 d. After 5 d the PSDs show the growth of microscale agglomerates, though the nanoscale component still predominates the volume or mass distribution of particles. Coverage factor k = 2.48 for a 95 % confidence interval.
